The NEOWISE dataset offers the opportunity to study the variations in albedo for asteroid classification schemes based on visible and near-infrared observations for a large sample of minor planets. We have determined the albedos for nearly 1900 asteroids classified by the Tholen, Bus and Bus-DeMeo taxonomic classification schemes. We find that the S-complex spans a broad range of bright albedos, partially overlapping the low albedo C-complex at small sizes. As expected, the X-complex covers a wide range of albedos. The multi-wavelength infrared coverage provided by NEOWISE allows determination of the reflectivity at 3.4 and 4.6 µm relative to the visible albedo. The direct computation of the reflectivity at 3.4 and 4.6 µm enables a new means of comparing the various taxonomic classes. Although C, B, D and T asteroids all have similarly low visible albedos, the D and T types can be distinguished from the C and B types by examining their relative reflectance at 3.4 and 4.6 µm. All of the albedo distributions -2 -are strongly affected by selection biases against small, low albedo objects, as all objects selected for taxonomic classification were chosen according to their visible light brightness. Due to these strong selection biases, we are unable to determine whether or not there are correlations between size, albedo and space weathering. We argue that the current set of classified asteroids makes any such correlations difficult to verify. A sample of taxonomically classified asteroids drawn without significant albedo bias is needed in order to perform such an analysis.
Introduction
Determining the true compositions of asteroids would significantly enhance our understanding of the conditions and processes that took place during the formation of the Solar System. It is necessary to study asteroids directly as weathering and geological processes have tended to destroy the oldest materials on Earth and the other terrestrial planets. The asteroids represent the fragmentary remnants of the rocky planetesimals that built these worlds, and asteroids in the Main Belt and Trojan clouds are likely to have remained in place for billions of years (subject to collisional processing) (Gaffey et al. 1993 ). Many attempts have been made to determine the minerological composition of asteroids by studying variations in their visible and near-infrared (VNIR) spectroscopy and photometry (Bus & Binzel 2002; Tholen 1984 Tholen , 1989 Zellner 1985; Binzel et al. 2004; DeMeo et al. 2009 ). Efforts have been made to link asteroid spectra with those of meteorites (e.g. Thomas & Binzel 2010) . However, as noted by Gaffey (2010) and Chapman (2004) , space weathering can complicate the linkages between observed asteroid spectra and meteorites. In addition, VNIR spectroscopic and photometric samples of higher-albedo objects are generally more readily attainable, as these bodies are brighter as compared with low albedo bodies with similar heliocentric distances and sizes. An important element in the development of asteroid taxonomic schemes has been albedo. For example, in the classification system developed by Tholen (1984) , the E, M and P classes have degenerate Eight-Color Asteroid Survey (ECAS; Zellner 1985) spectra and can only be distinguished by albedos. All of these issues point to the need to a) obtain a large, uniform sample of asteroid albedos (and other physical properties such as thermal inertia) that can be compared with VNIR classifications, and b) expand the number of asteroids with VNIR classifications in order to bracket the full range of asteroid types and compositions.
With the Wide-field Infrared Survey Explorer's NEOWISE project (Wright et al. 2010; Mainzer et al. 2011a ), thermal observations of more than 157,000 asteroids throughout the Solar System are now in hand, a dataset nearly two orders of magnitude larger than that provided by the Infrared Astronomical Satellite (IRAS; Matson 1986; Tedesco et al. 2002) . Thermal models have been applied to these data to derive albedos and diameters for which taxonomic classifications are available. In this paper, we examine the NEOWISE-derived albedos and diameters for NEOs and Main Belt asteroids of various classification schemes based on visible and NIR spectroscopy and multiwavelength spectrophotometry. In a future work, we will compare NEOWISE albedos to classifications and visible/NIR colors found photometrically, such as with the Sloan Digital Sky Survey or BV R photometry. The taxonomic classes and NEOWISE-derived albedos of the Trojan asteroids are discussed in Grav et al. (2011) . While many different asteroid classification schemes have been created, we turn our focus initially to three commonly used schemes, those defined by Tholen (1984) , Bus & Binzel (2002) , and DeMeo et al. (2009) .
Observations
WISE is a NASA Medium-class Explorer mission designed to survey the entire sky in four infrared wavelengths, 3.4, 4.6, 12 and 22 µm (denoted W 1, W 2, W 3, and W 4 respectively) (Wright et al. 2010; Liu et al. 2008; Mainzer et al. 2005) . The final mission data products are a multi-epoch image atlas and source catalogs that will serve as an important legacy for future research. The survey has yielded observations of over 157,000 minor planets, including NEOs, MBAs, comets, Hildas, Trojans, Centaurs, and scattered disk objects (Mainzer et al. 2011a ).
The observations for the objects listed in Table 1 were retrieved by querying the Minor Planet Center's (MPC) observation files to look for all instances of individual NEOWISE detections of the desired objects that were reported during the cryogenic portion of the mission using the WISE Moving Object Processing System (WMOPS; Mainzer et al. 2011a) . The data for each source were extracted from the WISE First Pass Processing archive following the methods described in Mainzer et al. (2011b) . The artifact identification flag cc flags (which specifies whether or not an instrumental artifact was likely to have occurred on top of a given source) was allowed to be equal to either 0, p, or P, and the flag ph qual (which describes whether the source was considered a valid detection) was restricted to A, B, or C (a comprehensive explanation of these flags is given in Cutri et al. 2011) . As described in Mainzer et al. (2011b) , we used observations with magnitudes close to experimentallyderived saturation limits, but when sources became brighter than W 1 = 6, W 2 = 6, W 3 = 4 and W 4 = 0, we increased the error bars on these points to 0.2 magnitudes and applied a linear correction to W 3 .
Each object had to be observed a minimum of three times at SNR >5 in at least one WISE band, and to avoid having low-level unflagged artifacts and/or cosmic rays contaminating our thermal model fits, we required that observations in more than one band appear with SNR>5 at least 40% of the number of observations found in the band with the largest number of observations (usually W 3) . If the number of observations exceeds the 40% threshold, all of the detections in that band are used. Although this strategy could possibly cause us to overestimate fluxes and colors, the fact that we use all available observations when the minimum number of observations with SNR>5 has been reached gives us some robustness against this. This problem was identified with IRAS; see http://irsa.ipac.caltech.edu/IRASdocs/exp.sup/ch12/A.html#1 for details. We recognize this potential issue and will revisit it in a future work, particularly when we have the results from final version of the WISE data processing pipeline in hand. Artifact flagging and instrumental calibration will be substantially improved with the final version of the WISE data processing pipeline, and we will re-examine the issue of low-SNR detections and non-detections when these products are available.
The WMOPS pipeline rejected inertially fixed objects in bands W 3 and W 4 before identifying moving objects; however, it did not reject stationary sources in bands W 1 and W 2. To ensure that asteroid detections were less likely to be confused with stars and background galaxies, we cross-correlated the individual Level 1b detections with the WISE atlas and daily coadd catalogs. Objects within 6.5 arcsec (equivalent to the WISE beam size at bands W 1, W 2 and W 3) of the asteroid position which appeared in the coadded source lists at least twice and which appeared more than 30% of the total number of coverage of a given area of sky were considered to be inertially fixed sources; these asteroid detections were considered contaminated and were not used for thermal fitting.
In this paper, we consider only NEOs or Main Belt asteroids that were observed during the fully cryogenic portion of the NEOWISE mission. Results from the NEOWISE PostCryogenic Mission will be discussed in a future work. For a discussion of WISE colors and physical properties derived from NEOWISE data for the bulk population of NEOs, see Mainzer et al. (2011d) . Masiero et al. (2011) and Grav et al. (2011) give WISE colors and thermal fit results for the Main Belt asteroids and Trojan asteroids observed during the cryogenic portion of the mission, respectively.
Preliminary Thermal Modeling of NEOs
We have created preliminary thermal models for each asteroid using the First-Pass Data Processing Pipeline (version 3.5) described above; these thermal models will be recomputed when the final data processing is completed. As described in Mainzer et al. (2011b) , we employ the spherical near-Earth asteroid thermal model (NEATM) of Harris (1998) . The NEATM model uses the so-called beaming parameter η to account for cases intermediate between zero thermal inertia (the Standard Thermal Model; Lebofsky & Spencer 1989) and high thermal inertia (the Fast Rotating Model; Lebofsky et al. 1978; Veeder et al. 1989; Lebofsky & Spencer 1989) . In the STM, η is set to 0.756 to match the occultation diameters of (1) Ceres and (2) Pallas, while in the FRM, η is equal to π. With NEATM, η is a free parameter that can be fit when two or more infrared bands are available (or with only one infrared band if diameter or albedo are known a priori as is the case for objects that have been imaged by visiting spacecraft or observed with radar).
Each object was modeled as a set of triangular facets covering a spherical surface with a variable diameter (c.f. Kaasalainen et al. 2004) . Although many (if not most) asteroids are non-spherical, the WISE observations generally consisted of ∼10-12 observations per object uniformly distributed over ∼36 hours (Wright et al. 2010; Mainzer et al. 2011a) , so on average, a wide range of rotational phases were sampled. Although this helps to average out the effects of a rotating non-spherical object, caution must be exercised when interpreting the meaning of an effective diameter in these cases. All diameters given are considered effective diameters, where the assumed sphere has a volume close to that of the actual body observed. Tests with non-spherical triaxial ellipsoid models show that even for objects with peak-to-peak brightness variations of ∼1 mag, the derived diameter is found to have a 1-σ error bar of ∼20% compared to the effective diameter of the ellipsoid, provided that the rotational period is more than the average sampling frequency of 3 hours and less than the average coverage of ∼1 day ).
Thermal models were computed for each WISE measurement, ensuring that the correct Sun-observer-object distances were used. The temperature for each facet was computed, and the Wright et al. (2010) color corrections were applied to each facet. In addition, we adjusted the W 3 effective wavelength blueward by 4% from 11.5608µm to 11.0984 µm, the W 4 effective wavelength redward by 2.5% from 22.0883 µm to 22.6405 µm, and we included the -8% and +4% offsets to the W 3 and W 4 magnitude zeropoints (respectively) due to the red-blue calibrator discrepancy reported by Wright et al. (2010) . The emitted thermal flux for each facet was calculated using NEATM; nightside facets were assumed to contribute no flux. For NEOs, bands W 1 and W 2 typically contain a mix of reflected sunlight and thermal emission. The flux from reflected sunlight was computed for each WISE band as described in Mainzer et al. (2011b) using the IAU phase curve correction (Bowell et al. 1989) . Facets which were illuminated by reflected sunlight and visible to WISE were corrected with the Wright et al. (2010) color corrections appropriate for a G2V star. In order to compute the fraction of the total luminosity due to reflected sunlight, it was necessary to determine the relative reflectivity in bands W 1 and W 2. This step is discussed in greater detail below.
In general, absolute magnitudes (H) were taken from the MPC's orbital element files. The assumed H error was taken to be 0.3 magnitudes. Updated H magnitudes were taken from the Lightcurve Database of Warner, Harris & Pravec (2009) for about 2/3 of the asteroids that were detected by NEOWISE that are considered herein. Emissivity, , was assumed to be 0.9 for all wavelengths (c.f. Harris et al. 2009) , and G (the slope parameter of the magnitude-phase relationship) was set to 0.15±0.10 based on Tholen (2009) unless a direct measurement from Warner, Harris & Pravec (2009 ) or Pravec et al. (2006 was available. Accurate determination of albedo is critically dependent on the accuracy of the H and G values used for each asteroid; the albedos determined with the NEOWISE data will only be as accurate as the H and G values used to compute them. We describe some instances in which we suspect that the assumption of G = 0.15 is inappropriate below. These objects will benefit from improved measurements of G.
For objects with measurements in two or more WISE bands dominated by thermal emission, the beaming parameter η was determined using a least squares minimization but was constrained to be less than the upper bound set by the FRM case (π). As described in Mainzer et al. (2011c) , the median value of the NEOs that had fitted η was 1.41±0.5, while the weighted mean value was 1.35. The beaming parameter could not be fitted for NEOs that had only a single WISE thermal band; these objects were assigned η = 1.35 ± 0.5. For Main Belt asteroids, the median value of the objects with fitted η was 1.00±0.20 as discussed in Masiero et al. (2011) . For MBAs with observations in only a single WISE thermal band, η was set equal to 1.00±0.20.
Bands W 1 and W 2 consist of a mix of reflected sunlight and thermal emission for NEOs, and bands W 3 and W 4 consist almost entirely of thermal emission. In order to properly model the fraction of total emission due to reflected sunlight in each band, it was necessary to determine the ratio of the infrared albedo p IR to the visible albedo p V . We make the simplifying assumption that the reflectivity is the same in both bands W 1 and W 2, such that p IR = p 3.4 = p 4.6 ; the validity of this assumption is discussed below. The geometric albedo p V is defined as the ratio of the brightness of an object observed at zero phase angle (α) to that of a perfectly diffusing Lambertian disk of the same radius located at the same distance. The Bond albedo (A) is related to the visible geometric albedo p V by A ≈ A V = qp V , where q is the phase integral and is defined such that q = 2 Φ(α)sin(α)dα. Φ is the phase curve, and q = 1 for Φ = max(0, cos(α)). G is the slope parameter that describes the shape of the phase curve in the H − G model of Bowell et al. (1989) that describes the relationship between an asteroid's brightness and the solar phase angle. For G = 0.15, q = 0.384. We make the assumption that p IR obeys the same relationship, although it is possible it varies with wavelength, so what we denote here as p IR for convenience may not be exactly analogous to p V . We can derive p IR /p V for the WISE objects that have a significant fraction (∼ 50% or more) of reflected sunlight in bands W 1 and W 2 as well as observations in W 3 or W 4. As discussed in Mainzer et al. (2011d) , for the NEOs for which p IR /p V could not be fitted, we used p IR /p V = 1.6 ± 1.0; per Masiero et al. (2011) , we set p IR /p V = 1.5 ± 0.5 for Main Belt asteroids. For the objects with fitted p IR /p V , we can begin to study how reflectivity changes at 3.4 and 4.6 µm, and this can be compared to taxonomic types.
Where available, we used previously measured diameters from radar, stellar occultations, or in situ spacecraft imaging and allowed the thermal model to fit only p IR /p V when W 1 or W 2 was available. For a more complete description of the methodology and the sources of the diameter measurements, see Mainzer et al. (2011b) .
As described in Mainzer et al. (2011b) and Mainzer et al. (2011c) , the minimum diameter error that can be achieved using WISE observations is ∼ 10%, and the minimum albedo error is ∼ 20% of the value of the albedo for objects with more than one WISE thermal band for which η can be fitted. For objects with large amplitude lightcurves, poor H or G measurements, or poor signal to noise measurements in the WISE bands, the errors will be higher.
High Albedo Objects
We note that among the asteroids considered here, there are ∼20 that have p V > 0.65. Approximately 2/3 of these objects have large peak-to-peak W 3 variations, indicating that they are likely to be highly elongated or even binary. In these cases, a spherical model is not likely to produce a good fit; these objects should be modeled as non-spherical shapes. Almost all of the extremely high albedo objects are known to be members of the Vesta family or Hungarias. It is possible that for these objects, the standard value of G = 0.15, i.e. a fixed q of 0.393, is not appropriate. Harris & Young (1988) and Harris et al. (1989) noted that E and V type asteroids can have slope values as high as G ∼0.5. The assumption of G = 0.15 for an object like this would cause an error in the computed H for observations at 20
• phase angle of ∼0.3 magnitudes; this would drive the albedo derived using such an H value up by 0.3, for example. Albedos larger than 0.65 should be considered suspect; only a direct measurement of G (and therefore H) for these objects will improve the reliability of the albedo determination for these objects. These objects would greatly benefit from additional study and more ground-based follow-up to improve their H and G values.
Discussion
We have examined the taxonomic classifications of near-Earth objects (NEOs) and Main Belt asteroids (MBAs) provided by a number of groups. Chapman, Morrison, & Zellner (1975) proposed a series of letter-based taxonomic classes: S for stony or silicate-rich objects, C for carbonaceous asteroids, and U for asteroids that did not fit either class neatly. Tholen (1984) defined seven major classes (A, C, D, E, M, P, and S), along with three subclasses of the C-complex (B, F and G), the minor class T, and the single-member classes R, Q, and V based on ECAS (Zellner 1985) . Objects in the E, M and P classes could only be separated by their albedos as they were spectrally degenerate in the ECAS system; together, they form the X class. The Tholen classification scheme relied upon ECAS; ECAS used a photometer with filters ranging from 0.34 µm to 1.04 µm. The ultraviolet wavelengths used by ECAS became more difficult to obtain when CCDs became widely available. Visible CCD spectroscopy of asteroids was undertaken, and subsequent revisions to the taxonomic systems were made that no longer relied upon ultraviolet wavelengths.
The Small Main-belt Asteroid Spectroscopic Survey (Xu et al. 1995) and its second phase (SMASSII; Bus & Binzel 2002; Burbine & Binzel 2002; Bus 1999 ) has produced visible spectroscopy for nearly 3000 asteroids. From this dataset, Bus & Binzel (2002) defined three major groupings similar to Tholen (1984) (the S-, C-and X-complexes) and split them into 26 classes depending on the presence or absence of particular spectral features or slopes in visible wavelengths. In the system of Bus & Binzel (2002) , albedo is not used, and the short wavelength definition of the taxonomy extends only to 0.44 microns. Thus, limitations arise in that, for example, C-and X-types can be difficult to distinguish without albedo and without measurements over UV wavelengths. DeMeo et al. (2009) and DeMeo (2010) extended the system of Bus & Binzel (2002) by using near-infrared spectral features as well as visible, creating a system of 24 taxonomic types. Neither the Bus & Binzel (2002) Taxonomic classification systems can provide some understanding of the compositional nature of asteroids, but they have limitations. Reflected colors may in some cases reveal mineral absorption bands that provide diagnostic information on composition, but the appearance of these spectral features can be influenced by other materials with similar absorption features, material states, particle sizes, illumination angles, etc. Furthermore, some bodies' spectra are generally featureless. For all of these reasons, other physical parameters such as albedo become important for further interpreting composition. We have used the classification data compiled in the Planetary Data System Small Body Node by Neese (2010), which aggregates taxonomic types for ∼2600 minor planets from various sources. Table 1 gives the average albedos that we have computed from the asteroids we have observed with NEOWISE for each of the various taxonomic classes in the Tholen, Bus and Bus-DeMeo schemes. A discussion of the biases that must be considered when comparing the albedos between classes is given below.
In Figure 1 , we show the diameter compared to p V for 1247 asteroids observed and classified according to the Tholen scheme (Tholen 1989; Xu et al. 1995; Lazzaro et al. 2004) , including 15 NEOs and 1232 MBAs. Figure 2 shows diameter vs. p V for the 1524 objects classified according to the Bus scheme (Bus & Binzel 2002; Lazzaro et al. 2004) , including 21 NEOs and 1503 MBAs. Finally, Figure 3 shows the 233 asteroids classified according to the DeMeo scheme (14 NEOs and 219 MBAs), which is based heavily on that of Bus. It should be noted that the same objects can have different classifications according to multiple schemes. Since so few NEOs have been observed relative to the numbers of MBAs, we have included the NEOs in our plots; there are not enough to significantly change the statistics. In all three schemes, an uptick in the average value of p V for smaller diameters (<30 km) can be observed, regardless of spectral class. There is a notable absence of small, dark objects, particularly among the C complex types, yet numerically low albedo objects represent the majority of the asteroids in the Main Belt ). Although Delbó et al. (2003) , Harris (2005) and Wolters et al. (2008) have asserted that there is a real change in albedo with size, these studies are all based upon very small numbers of asteroids that are selected from visible light surveys. If there is a correlation between albedo and size, it is best studied using the full NEOWISE dataset rather than the relatively small population that has been selected from visible light surveys for spectroscopic study to date. When we compare diameter to p V for the entire NEOWISE set selected by the WMOPS pipeline (Mainzer et al. 2011a ), we find no strong trend of increasing p V with decreasing diameter. The selection bias in the population with taxonomic classifications acts twice. Objects with higher albedos are more likely to have been discovered by visible light surveys; a 5 km object with a 40% albedo is nearly a full magnitude brighter than a 5 km object with a 20% albedo. Similarly, the 40% albedo object is more likely to have been selected for the spectroscopic studies necessary for taxonomic classification because it is more likely to be bright enough to observe. We observe 11 out of 14 objects with a Bus-Binzel C complex classification with diameters between 6-10 km that have p V >0.09, compared to 47 C types with diameters between 80 -110 km with a median p V =0.053±0.002 and standard deviation of 0.014. However, these 11 small diameter outlier objects are entirely consistent with the number expected when we consider that the total population of low albedo small Main Belt asteroids numbers at least in the high tens of thousands . We cannot make reliable claims about possible relationships between size, albedo and space weathering without assembling a sample of asteroids in which the albedo biases are clearly understood. As discussed below, what is needed is a spectroscopically classified sample that is unbiased with respect to albedo. This study will be the subject of future work.
From Figures 1, 2 and 3 , we can see that there is generally good separation of p V between S and C complex objects for diameters >30 km; we conclude that this is approximately the size down to which the visible light surveys are roughly complete. In Figures 4, 5 and 6 , we show the visible albedo distributions for objects with diameters >30 km for the various spectral types in each of the three taxonomic systems. In the Tholen system, 172 S type objects with diameters >30 km have a median p V =0.166±0.004 with a standard deviation of 0.050, and 250 C type objects have a median p V =0.053±0.002 with a standard deviation of 0.024. In the system of Bus & Binzel (2002) , 106 S-complex objects with diameters >30 km (including S, Sa, Sk, Sl, Sq, and Sr) have a median p V =0.182±0.004 with a standard deviation of 0.043, and 222 C-complex objects (including C, Cb, Cg, Cgh, and Ch) have a median p V =0.053±0.001 with a standard deviation of 0.014. As discussed in Mainzer et al. (2011b) , the average albedo error is ∼20% of the albedo value. We suggest that those attempting to use spectral type as a proxy for p V use these values when converting between H and diameter, although as discussed above, it is unclear whether these values are still appropriate for objects at sizes smaller than ∼30 km. Figures 2 and 3 show that little distinction can be observed between the various subtypes in the S and C complexes in the Bus and Bus-DeMeo schemes at all size ranges. The albedo differences between various spectral types are best preserved in the system of Tholen (1984) . Figures 7, 8 and 9 give the ratio of the reflectivity in bands W 1 and W 2 compared with p V for the Bus, Bus-DeMeo and Tholen schemes, respectively. The mean, standard deviation of the mean, standard deviation, and minimum/maximum values of p V and p IR /p V for each class (including objects at all size ranges) are given in Table 1 . Stuart & Binzel (2004) and others, the S types observed by NEOWISE tend to have systematically higher albedos than the C types for the Bus, Tholen and DeMeo classification schemes, although they span a fairly wide range. The Bus and Bus-DeMeo taxonomic classification schemes split the S-complex into a number of different sub-classes based on their visible and/or near-infrared slopes and absorption features. Figures 10 and 11 show the breakdown of p V and p IR /p V , respectively, for the subtypes with diameters larger than 30 km within the Bus S-complex: S, Sa, Sk, Sl, Sr, and Sq, along with the K, L and A types. The distribution of p V is similar for all of these subtypes; any subtle differences are likely attributable to statistically small numbers of objects for some of the subtypes, with the exception of the K types, which appear to have a somewhat lower albedo as noted in Tedesco et al. (1989) . In the distribution of p IR /p V , however, we note some slight differences among subclasses, with the S, Sl and L types showing a slightly higher mean value of p IR /p V than the Sq, Sk and K types. According to Bus & Binzel (2002) , the S, Sl and L types have redder slopes than the Sk, Sq, and K types. As with the C, D and T types, redder VNIR slopes correlate with higher p IR /p V , possibly indicating that the red slope continues out to 3-4 µm. However, in general, p V and the p IR /p V ratio of most of the Bus S-complex subtypes are similar. DeMeo et al. (2009) creates a new spectral sequence for the S complex that supercedes the Bus S complex; in the Bus-DeMeo scheme, the Bus Sa disappears, the Bus Sr is converted to the Bus-DeMeo Sa, and the Bus Sl and Sk classes are eliminated. In the future, all of the ∼230 asteroids with these classifications may be redesignated according to the newer Bus-DeMeo system. Figures 6 and 9 show the albedo and p IR /p V distributions for objects with diameters larger than 30 km and more than a handful of objects per taxonomic class.
S-Complex. As expected from
It has been asserted that Q type asteroids are the un-space-weathered cousins of the Stype asteroids, with the Bus-DeMeo Sq subtype representing an intermediate state between S and Q types (DeMeo et al. 2009 ). In the Bus-DeMeo system, types with a w (e.g. Sw, Sqw, Srw) are versions of types with steeper and redder VNIR slopes; DeMeo et al. (2009) attribute this reddening to the effects of space weathering. Space weathering is thought to darken and redden surfaces of airless bodies exposed to radiation; Chapman (2004) and Clark et al. (2002) give overviews of the subject. We have observed 65 Main Belt S types classified according to the Bus-DeMeo system and 26 Main Belt asteroids classified as Sw. The S types have a median p V =0.224±0.013 with a standard deviation of 0.068, while the Sw types have a median p V =0.239±0.012 with a standard deviation of 0.095 (see Figure 3) . This result suggests that if space weathering is at work on the Sw types, it does not make their surfaces darken; it is also possible that these objects are not actually weathered, or that compositional or surface morphology variations such as differences in regolith particle size creates problems in the comparison between these two groups. We observed two NEOs classified as Q type, (2102) and (5143), and these objects' albedos are 0.214±0.095 and 0.227±0.054 respectively. With a sample of only two objects, it is difficult to make a statistically meaningful comparison to the S types, although the albedos are entirely consistent with them. We have only three and six Bus-DeMeo Sq and Sqw types, respectively, but their albedos are similar to the S types (see Table 1 ). If the Sw and Q types that we observed are space weathered, the process is not affecting their albedos in the predicted manner. Furthermore, in Masiero et al. (2011) , we found that asteroids in the 5.8 Myr old Karin family have lower albedos than the much older Koronis family, from which the Karin family is thought to originate (Nesvorný et al. 2002) . Determination of asteroid VNIR spectral slopes used by the Bus and Bus-DeMeo systems can be complicated by instrumental effects as described in Gaffey et al. (2002) and by reddening of the observed VNIR slopes due to phase effects (Gradie & Veverka 1986 ). All of these results suggest that the picture of space weathering is complicated, either by compositional variation, variable surface properties, or observational effects.
C-Complex. The NEOWISE p V and p IR /p V for the Bus and Bus-DeMeo C-complex asteroids are shown for the B, C, Cb, Ch, Cg, and Cgh types in Figures 12 and 13 . In all three taxonomic schemes, the B, C, D and T types all have similarly low p V values, ∼0.05. In the visible and near-infrared, C type asteroids are characterized by relatively flat spectra between 0.4 and 1.0 µm with few, if any, absorption features. In the Bus and Bus-DeMeo taxonomic schemes, the C-complex is differentiated by the presence or absence of a broad absorption feature near 0.7 µm; Bus & Binzel (2002) divided objects with and without this feature into five further subclasses (C, Cb, Cg, Ch, Cgh) depending additionally on the slope of the spectrum shortward of 0.55 µm. By contrast, the T and D types have featureless spectra that are nevertheless characterized by moderate and steep red VNIR slopes, respectively, whereas the B types have a slightly blue slope. The quantity p IR /p V can be extremely useful for differentiating asteroids. While the B, C, D and T types all have extremely similar p V , their p IR /p V ratios are significantly different. As shown in Table 1 , the T and D types have increasingly larger values of p IR /p V , indicating that the steep slopes observed between visible and near-infrared wavelengths are likely to continue through the 3.4 and 4.6 µm WISE bands. A discussion of the possible materials responsible for the spectral appearance of the primitive Trojan asteroids out to 4 µm can be found in Emery & Brown (2004) . Figures 14 and 15 illustrate the utility that p IR /p V can provide for distinguishing various taxonomic types (including the many subclasses within each complex) from one another in both the Tholen and Bus schemes.
X-Complex. The Tholen, Bus and Bus-DeMeo X types span a wide range of albedos, from ∼0.07->0.6. This wide range is to be expected, as the Tholen X type (from which the Bus and Bus-DeMeo X types are derived) is comprised of E, M and P asteroids which are distinguished on the basis of their albedos (Figure 16 ; Figure 17 shows the ratio p IR /p V for the Tholen X types). The albedo distribution of the asteroids with Tholen X classifications and Bus X types follow a distribution that reflects the distribution observed in the Main Belt . Since neither the Bus nor the Bus-DeMeo taxonomic systems use albedo for classification, it is perhaps unsurprising that when their X-complex objects are broken down into the X, Xc, Xe, and Xk subclasses (Figure 18 and 19) , p V and p IR /p V appear to be similar for all of them. However, both Bus and Bus-DeMeo recognize the Xe class as being indicative of the high albedo E types in the Tholen taxonomy. In Table 2 , we assign Tholen-style E, M and P classifications to X-complex objects that do not already have E, M or P classification based on their NEOWISE preliminary albedos.
Others. The V type asteroid class was first proposed by Tholen (1984) ; since then, a number of Vestoids have been identified both dynamically and spectroscopically as being related to the parent body (4) Vesta. As expected, V-type asteroids have higher albedos, on average, than the S-complex asteroids. The few asteroids classified as O-types by Bus & Binzel (2002) fall within the broad range of the S-complex.
As noted above, we have assumed that p W 1 = p W 2 ; future work will attempt to determine whether or not the albedo at 3.4 and 4.6 µm really is the same. To test the degree to which this assumption affects the resulting diameters, p V and p IR /p V values, we recomputed the thermal fits without using band W 2. This analysis resulted in no significant changes to either diameter, p V , or p IR /p V ; almost all fits agreed to within ±10% of their original values. This result is perhaps not surprising. The diameter is most strongly influenced by the thermal emission-dominated bands W 3 and W 4 for Main Belt asteroids, which make up the vast majority of our sample. Visible albedo and p IR /p V are more heavily influenced by band W 1 than W 2, since this band consists almost entirely of reflected sunlight, while band W 2 most always has less reflected light than thermal emission.
There are a number of different possible causes of the variations we observe in p IR /p V for different objects. Even a cursory examination of mineralogical and meteorite databases yields a wealth of different materials with features in wavelengths covered by bands W 1 and W 2. Gaffey et al. (2002) and references therein summarize some of the possible causes of features in these wavelength regimes: a 3 µm feature indicating the presence of hydration caused by the fundamental O-H stretch bands of H 2 O; anhydrous assemblages of mafic silicates containing structural OH; possible fluid inclusions; or the presence of troilite. Rivkin et al. (2000) carried out spectrophotometric observations of asteroids in the 1.2 to 3.5 µm region and found evidence of absorption at 3 µm; they conclude that these are produced by hydrated minerals. Of the 27 M-type asteroids studied in Rivkin et al. (2000) , 10 showed evidence of an absorption feature at 3 µm. With NEOWISE, we observed seven of these: (22) Kalliope, (77) Frigga, (110) Lydia, (129) Antigone, (135) Hertha, (136) Austria, and (201) Penelope. As Rivkin et al. (1997) reports that the depth of the absorption band at 3 µm is only ∼10-20% of the continuum flux over a fairly narrow range of wavelengths, we conclude that it would be unlikely to show a detectable change to p IR /p V given that the W 1 bandpass extends from 2.8 − 3.8µm (Wright et al. 2010 ). These seven objects have a median p V = 0.157 ± 0.010, and their median p IR /p V = 1.572 ± 0.050. This latter matches the p IR /p V found for the 33 M type asteroids shown in Figure 17 , which have a median p IR /p V of 1.623±0.051 and standard deviation of 0.291. Merényi et al. (1997) show a number of additional asteroids with evidence of absorption at 3 µm, including the C type asteroid (1467) Mashona, which is given as having a band depth of 88%. We find that this asteroid has p IR /p V ∼0.9; however, this value is entirely in line with the rest of the C type asteroids. It is possible, even likely, that the spread in p IR /p V that we observe could represent nothing more than the natural variation in spectral slope within the various spectral classes.
As discussed above and demonstrated by Figures 1 and 2 , caution must be exercised when attempting to generalize the fractional population results presented herein to all NEOs or Main Belt asteroids. The objects selected for taxonomic classification were chosen on the basis of their discovery by visible light surveys, so the selection is inherently biased in favor of high albedo objects. Although Stuart & Binzel (2004) compute the relative fractions of asteroids of various taxonomic types observed throughout the solar system, we do not attempt such an undertaking here. Thomas et al. (2011) compare the albedo distributions of NEOs found using 3.6 and 4.5 µm imaging from the Spitzer Space Telescope to the albedo distributions of Main Belt asteroids; while they find that the NEO albedos are higher than Main Belt albedos for various spectral types this result is perhaps not surprising given that the Warm Spitzer sample was drawn from optically selected NEOs. We have observed relatively few NEOs with taxonomic classifications with WISE and will have to wait until more taxonomic classifications are in hand before making comparisons between NEOs and Main Belt asteroids. The point of such an exercise would be to determine the relative numbers, compositions, sizes and distribution of asteroids of various populations throughout the solar system. We have computed the debiased size and albedo distributions of the NEOs in Mainzer et al. (2011d) , and we are computing similar distributions for the Main Belt asteroids, Trojans and comets. By working with the entire NEOWISE dataset, these works can provide a more direct accounting for the distribution of asteroid albedos and sizes for different populations.
Conclusions
With the advent of a large, thermal infrared survey of asteroids throughout the Solar System, the NEOWISE dataset offers the opportunity to study the relationship between albedo and various spectral features with unprecedented clarity. We have computed the preliminary observed range of possible albedos for the various classes using ∼1800 NEOs and Main Belt asteroids we observed with NEOWISE. This may allow important physical parameters to be used in the refinement of existing taxonomic classification schemes, or perhaps to allow objects of different types to be more readily distinguished from one another. Although reasonably good separation between the two main S and C taxonomic complexes can be observed for diameters >30 km, where the visible light surveys that found them are largely complete, all taxonomic types and subtypes show an uptick in average albedos at smaller sizes. We attribute this uptick to strong selection biases against finding and classifying small, dark objects with VNIR spectroscopy. For objects >30 km, it is clear that a median albedo can be used based on taxonomic classification. One could assume that the median albedos for smaller sizes are similar, but the strong selection biases against small, low albedo objects in this study preclude us from deriving or verifying that these median albedos extend to smaller sizes. Due to the same selection biases, we are thus unable to comment on the relationship between size, albedo and space weathering, although comparison between S and Sw Bus-DeMeo types shows no evidence that the Sw types are darker at any observed size scales. The two Q type objects we observed have nearly identical albedos to the S types, but a larger number of classified Q types from our dataset is needed to confirm this result. We do not observe any major distinctions in albedo among the S subtypes and C subtypes in the Bus and Bus-DeMeo systems. From an albedo perspective, Figures 1, 2 , and 3 make the Tholen system stand out as the cleanest. While the Tholen system uses albedo to separate the X types into E, M, and P classes, albedo is not used to define the remainder of the classes in the Tholen system.
There is a strong selection bias in the taxonomic classification schemes and average albedos presented here (clearly in Figures 1, 2, 3) and by other observers. First, since all the objects selected for taxonomic classification have been drawn from visible light surveys, the relative fractional abundance of objects with particular taxonomic types is biased toward higher fractions of high albedo objects. Second, within a particular taxonomic class, lower albedo objects are less likely to have been observed because they tend to be fainter in visible light: this will skew the average albedo for a particular taxonomic type higher. Because of these biases, when the average albedo is used to convert from absolute H magnitude to size, artificially smaller sizes for asteroids will be found. This speaks to the need to assemble a sample of objects with taxonomic classifications that are drawn from the NEOWISE thermal infrared survey to mitigate biases against low albedo objects.
With the four infrared wavelengths given by the WISE dataset, we are able to derive the ratio of the albedo at 3.4 and 4.6 µm to the visible albedo. We have shown that taxonomic types with steeply red spectral slopes in VNIR wavelengths tend to have higher p IR /p V values. We hypothesize that this is caused by the fact that the spectral slopes continue to rise from visible through the near-infrared to the W 1 and W 2 wavelengths for these objects. For example, we have shown that spectral types T and D can be distinguished from the C types by examining their p IR /p V , even though they have virtually identical p V . Subclasses within the S and C complexes generally have similar visible albedos and largely similar p IR /p V ratios. However, p IR /p V can only be computed when a sufficiently high fraction of reflected sunlight is present in either bands W 1 or W 2. The bias against low albedo objects is present in the determination of p IR , in that dark objects are less likely to have enough reflected sunlight in bands W 1 or W 2 to allow p IR to be computed. As before, we caution against generalizing the average p IR /p V values we have given here to entire populations or classes of objects in light of the presence of these biases.
This work shows that the NEOWISE dataset offers a new means of exploring the connections between taxonomic classifications derived from VNIR spectroscopy and spectrophotometry. Future work will explore the relationship between visible albedo and the 3-4 µm albedo to VNIR spectroscopic properties in greater detail. The value of the NEOWISE dataset will only be enhanced by the acquisition of additional visible and near-infrared ancillary data. More data would be beneficial for two reasons. First, we require a measurement of H in order to determine p V and p IR /p V , so more accurate H and G values will result in more accurate albedos. Second, by obtaining taxonomic classification of low albedo objects drawn from the NEOWISE sample, we can reduce the bias within each taxonomic class against lower albedo objects. With the NEOWISE dataset, we now have access to a means of directly computing debiased size and albedo distributions that are not as subject to the biases against low albedo objects as objects selected for classification and study by visible light surveys.
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This publication makes use of data products from the Wide-field Infrared Survey Explorer, which is a joint project of the University of California, Los Angeles, and the Jet Propulsion Laboratory/California Institute of Technology, funded by the National Aeronautics and Space Administration. This publication also makes use of data products from NEOWISE, which is a project of the Jet Propulsion Laboratory/California Institute of Technology, funded by the Planetary Science Division of the National Aeronautics and Space Administration. We gratefully acknowledge the extraordinary services specific to NEOWISE contributed by the International Astronomical Union's Minor Planet Center, operated by the Harvard-Smithsonian Center for Astrophysics, and the Central Bureau for Astronomical Telegrams, operated by Harvard University. We thank the paper's referee, Prof. Richard Binzel, for his helpful contributions. We also thank the worldwide community of dedicated amateur and professional astronomers devoted to minor planet follow-up observations. This research has made use of the NASA/IPAC Infrared Science Archive, which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. Parker, A., Ivezić,Ž., Jurić, M., Lupton, R., Sekora, M., Kowalski, A. 2008 Icarus, 198, 138 Pravec, P., Scheirich, P., Kusnirak, P., Sarounova, L., Mottola, S., Hahn, G., Brown, P., Esquerdo, G., et al. 2006 Icarus 181, 63 Rivkin, A., Howell, E., Clark, B., Lebofsky, L., Britt, D. 1997 LPI 28, 1183 Rivkin, A., Howell, E., Lebofsky This preprint was prepared with the AAS L A T E X macros v5.2. Table 1 . Median values of p V and p IR /p V for various taxonomic types using NEOWISE cryogenic observations of NEOs and Main Belt asteroids. The medians, standard deviations of the mean (SDOM) and standard deviations (SD) given were computed simply by taking the median and standard deviation of all the objects with a particular classification; however, a more complete picture of the distribution and full range of albedos within a taxonomic class is given in the figures, which show the shapes of the distributions. Note that while p V was fitted for all objects in the table, if an asteroid did not have a sufficient number of observations in W 1 or W 2, p IR /p V could not be fit. Therefore, not all taxonomic types have the same number of objects with p V and p IR /p V . Only objects with fitted p IR /p V were used in the computation of median p IR /p V given here. Table 2 . Asteroids classified as X-types under either the Tholen, Bus, or Bus-DeMeo taxonomic schemes can be assigned Tholen-style M, E and P classes based on their visible albedos. We assign the P type to objects with p V < 0.1, E to asteroids with p V > 0.3, and the rest to M type. The various X types are listed from the following sources: (1) Bus & Binzel (2002) Fig. 1 .-NEOWISE-derived diameters vs. albedos of asteroids observed and classified according to the Tholen system. The Tholen system preserves the albedo distinctions between its different spectral classes very well down to ∼30 km, at which point selection biases begin to become apparent in that low albedo objects are missing. Furthermore, this bias is likely to be at least partially, if not entirely, responsible for the apparent increase in albedo with decreasing diameter for all taxonomic types. Bus & Binzel (2002) . The S and C complexes are shown; the X complex has been omitted for clarity. There are few albedo distinctions evident among the subtypes in both the S and C complexes in the Bus-Binzel taxonomic system. As with the Tholen system shown in Figure 1 , selection biases become apparent below ∼30 km and may be entirely responsible for the trend of increasing albedo with decreasing diameter. Bus & Binzel (2002) . In this system, subtypes with a "w" have redder VNIR slopes and are supposed to be weathered versions of the original types; for example, Sw is the more reddened version of S. However, no difference in albedo between the Sw and S types can be seen at all size ranges. No differences among the C subtypes can be observed, although the comparison suffers from small number statistics. -NEOWISE-derived ratio p IR /p V for asteroids observed and classified by Tholen (1984) . Only asteroids for which p IR /p V could be fitted are included in this plot. The dots with error bars represent the results of a 100 Monte Carlo simulation of the histogram using the error bars for each individual albedo measurement. The vertical red line represents the median p V for each type. Fig. 8 .-NEOWISE-derived ratio p IR /p V for asteroids observed and classified by Bus & Binzel (2002) . Only asteroids for which p IR /p V could be fitted are included in this plot. The dots with error bars represent the results of a 100 Monte Carlo simulation of the histogram using the error bars for each individual albedo measurement. The vertical red line represents the median p IR /p V for each type. -NEOWISE-derived p IR /p V for S-complex asteroids classified using the Bus system. Classes with steeper, redder VNIR slopes tend to have somewhat higher p IR /p V values. Fig. 13 .-NEOWISE-derived p IR /p V ratio for C-complex asteroids classified using the Bus system are separated into B, C, Cb, Cg, Cgh, and Ch classes. The B type asteroids show a somewhat lower p IR /p V ratio than the C type asteroids, and this is possibly caused by their somewhat blue VNIR slope extending out to 3-4 µm.
Fig. 14.-NEOWISE-derived ratio p IR /p V vs. p V for asteroids observed and classified according to the Tholen taxonomic classification scheme. Only asteroids for which p IR /p V could be fitted are included in this plot. Fig. 15 .-NEOWISE-derived ratio p IR /p V vs. p V for asteroids observed and classified according to the system of Bus & Binzel (2002) . Only asteroids for which p IR /p V could be fitted are included in this plot. -The E, M and P classes that make up the Tholen X type are not distinguishable by p IR /p V . Fig. 18 .-X-complex asteroids classified using the Bus system are separated into X, Xc, Xe and Xk classes; unlike the Tholen X classification, the Bus and Bus-DeMeo schemes do not use albedo. This ambiguity with respect to albedo is reflected in the similarity in the average albedos for the X, Xc, Xe and Xk classes, although Xe is somewhat higher (see Table 1 ).
